The impact mechanics of micrometre-scale metal particles with flat metal surfaces is investigated for high-velocity impacts ranging from 50 m s −1 to more than 1 km s −1 , where impact causes predominantly plastic deformation. A material model that includes high strain rate and temperature effects on the yield stress, heat generation due to plasticity, material damage due to excessive plastic strain and heat transfer is used in the numerical analysis. The coefficient of restitution e is predicted by the classical work using elastic-plastic deformation analysis with quasi-static impact mechanics to be proportional to V −1/4 i and V −1/2 i for the low and moderate impact velocities that span the ranges of 0-10 and 10-100 m s −1 , respectively. In the elastic-plastic and fully plastic deformation regimes the particle rebound is attributed to the elastic spring-back that initiates at the particle-substrate interface. At higher impact velocities (0.1-1 km s −1 ) e is shown to be proportional to approximately V −1 i . In this deeply plastic deformation regime various deformation modes that depend on plastic flow of the material including the time lag between the rebound instances of the top and bottom points of particle and the lateral spreading of the particle are identified. In this deformation regime, the elastic spring-back initiates subsurface, in the substrate.
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The impact mechanics of micrometre-scale metal particles with flat metal surfaces is investigated for high-velocity impacts ranging from 50 m s −1 to more than 1 km s −1 , where impact causes predominantly plastic deformation. A material model that includes high strain rate and temperature effects on the yield stress, heat generation due to plasticity, material damage due to excessive plastic strain and heat transfer is used in the numerical analysis. The coefficient of restitution e is predicted by the classical work using elastic-plastic deformation analysis with quasi-static impact mechanics to be proportional to V −1/4 i and V −1/2 i for the low and moderate impact velocities that span the ranges of 0-10 and 10-100 m s −1 , respectively. In the elastic-plastic and fully plastic deformation regimes the particle rebound is attributed to the elastic spring-back that initiates at the particle-substrate interface. At higher impact velocities (0.1-1 km s −1 ) e is shown to be proportional to approximately V −1 i . In this deeply plastic deformation regime various deformation modes that depend on plastic flow of the material including the time lag between the rebound instances of the top and bottom points of particle and the lateral spreading of the particle are identified. In this deformation regime, the elastic spring-back initiates subsurface, in the substrate.
Background
Micrometre-scale solid particles are used in polishing, shot peening, sand blasting and kinetic consolidation processes, such as cold-spray and powder metallurgy, as well as in pharmaceutical manufacturing among others. The impact of micrometre-scale debris on the sensitive optical and electronic equipment located on space-borne satellites is of growing concern, and the operation of high-technology instruments and equipment in the desert environment exposes them to the perils of sand storms. In most of these examples, solid particles impact a solid surface/substrate and alter its mechanical properties while experiencing severe deformation. In most impacts the particles rebound, but in a relatively small window of material and process properties particles could adhere to the surface. The focus of this work is on the rebound of particles that experience severe plastic deformation and high strain rates.
Energy dissipation could play a significant role in the impact of deformable bodies. Deformation as a result of impact can be classified as elastic and elastic-plastic deformation (EPD), where the classical contact mechanics approaches yield results that agree well with experiments, and finite-plastic deformation (FPD), where numerical approaches are required to capture increasingly complex phenomena [1] . At high impact velocities the dominant energy dissipation mechanism is plastic deformation [2, 3] ; nevertheless, a fraction of the impact energy is also carried away from the impact region by elastic wave propagation in the substrate. The energy dissipated during the impact is generally characterized by the coefficient of restitution (COR), e, which is defined as the ratio of the impulse during the rebound phase of the impact to the impulse during the deformation phase. The COR can be represented as the ratio of the rebound velocity to the impact velocity, V r /V i , if the mass of the particle does not change during impact. The energy removed away from the impact region by elastic waves could reduce the COR. However, in most cases the effects of this are negligible compared with the initial kinetic energy of the particle; therefore, it is assumed that for elastic impacts e ≈ 1 [2] .
In the case of slow impacts, the configurations of the impacting bodies do not change significantly, and the rebound velocity can be predicted fairly accurately by using the impulsemomentum relations and by assuming that the impacting bodies are rigid [4] [5] [6] [7] [8] [9] [10] [11] . With increasing impact velocity, the effects of frictional and plastic dissipation become increasingly significant and complex, and analysis improves by considering the material response during different phases of the impact. During the initial instances of impact, the material is loaded elastically (elastic loading phase). The material continues to deform in an elastic-plastic manner if the initial kinetic energy of the particle is sufficiently large (elastic-plastic loading phase). The particle velocity eventually becomes zero, and the particle rebounds due to elastic unloading [2, [12] [13] [14] [15] [16] [17] . Semianalytical approaches have been developed by using elastic-plastic material models and Hertzian contact conditions by Johnson [13] and Thornton [2] among others. Finite-element simulations were compared with the analytical approach and experiments for moderate impact velocities (up to 30 m s −1 ) [1, 3, [18] [19] [20] .
The critical impact velocity, V Y , that initiates yielding upon impact of a sphere on a flat substrate was predicted as follows [13] :
where Y is the yield strength of the softer material and ρ is the mass density. The equivalent elastic modulus E* is defined as 1/E * = (1 − ν 2 1 )/E 1 + (1 − ν 2 2 )/E 2 , where E 1 and E 2 are the elastic moduli and ν 1 and ν 2 are Poisson's ratios of the particle and the substrate, respectively. Yielding initiates subsurface at relatively slow impact velocities [13] . The volume of the plastically deformed material increases with the impact velocity.
A number of theoretical models were proposed to analyse the effects of plastic deformation on the impact mechanics of a spherical particle (e.g. [2, 13] ). Johnson's model is based on a quasi-static approach, and it is applicable for cases where fully plastic deformation occurs. Up to the instant of maximum compression, δ*, where the particle comes to a stop, the work done in deforming the material elastically and plastically is equal to the initial kinetic energy of the system, where m P is the mass of the particle, which has a diameter of d p = 2r p , δ is the relative displacement and P(δ) is the elastic-plastic compliance relationship. This relationship is approximated for fully plastic contacts by using the geometric relationship δ = a 2 /2r p and the mean contact pressure at the contact surface, p m , which is constant and equal to 3Y, where a is the contact radius. The rebound phase, on the other hand, is purely elastic. In this phase, the kinetic energy of the rebounding particle is equal to the work done during elastic recovery,
where the elastic compliance relationship P (δ ) is based on the elastic Hertz contact analysis. Based on the outlined analysis, the COR for a spherical particle impacting a planar substrate can be found as follows:
where Y d is the dynamic yield strength of the softer material [13] . Johnson's theory predicts that e is proportional to V i −1/4 , which is validated by measurements of a steel ball impacting on various materials up to approximately 10 m s −1 [13] . Thornton's model also suggests a similar dependence on the impact velocity [2] . Beyond the first critical impact velocity V Y , Wu et al. [1] determined another critical impact velocity between the EPD and FPD regimes by finite-element analysis (FEA) as follows:
(1.5)
They also reported that the COR between an elastic sphere and an elastic-plastic half space has the following relationship:
. However, finite-element studies and experiments [3, 21] reveal that these models tend to overestimate the COR at higher impact velocities. In fact, in their simulations of high-velocity impact of mild steel particles, Molinari & Ortiz [22] found that V r stays constant for V i ≥ 600 m s −1 . These findings indicate the existence of different dynamic effects during the rebound phase.
At high impact velocities the material experiences strain and strain-rate-dependent hardening [12, [21] [22] [23] [24] [25] [26] [27] ]. Higher strain rates have been reported in micro-particle impacts than in macro-particle impacts [28] . Size-dependent effects in ice particles were reported by Higa et al. [29] and were attributed to the effect of strain rate on material strength. Hutchings [30] developed an approximate relationship for the average strain rate in impact of spherical particles,
where H is the indentation hardness and ρ is the mass density of the particle. Accordingly, 25 µm diameter copper, and aluminium particles impacting a flat surface at 100 m s −1 experience strain rates that are of the order of 2.1 × 10 6 and 3.4 × 10 6 s −1 , respectively. The goal of this work is to investigate the particle impact mechanics for a broad range of impact velocities (50 m s −1 to 1 km s −1 ) with a focus on the high-velocity impacts where extensive plastic deformation takes place. This allows exploration of the effects of severe plastic deformation on impact as well as comparison with classical models. Global measures of deformation such as the COR and the impact forces, as well as the kinematics of the local deformation, are investigated. It is clear that during the contact phase strong adhesive bonds could form and provide an additional energy dissipation mechanism for the system. This effect is not considered in this work. 
Material and methods
Normal impacts of three different 25 µm diameter spherical particles onto semi-infinite substrates made of the same material were studied. OFHC copper (Cu) and stainless steel 316 L (SS) were chosen because they represent relatively soft and hard materials, respectively, and have known strain-rate sensitivity. Aluminium 1100-H12 (Al) was chosen because of its known insensitivity to strain-rate effects [31] . Substrates with a leading dimension of h s = 25r p were simulated in order to ensure that the waves reflecting from the boundaries do not reach the impact zone until rebound of the particle (appendix A).
The finite-element mesh for the particle and the substrate in the impact region were set to equal sizes (2r p /25 ≈ 1 µm). The mesh size of the substrate away from the impact region was increased gradually in order to reduce the computational effort. The mesh size used in this work is suitable for resolving the details of the material behaviour for extreme plastic deformation investigated in this work. A considerably finer mesh should be used to compute the details of elastic and elastic-plastic impacts for which V i < V * i . Particle and substrate dynamics were modelled numerically by including the effects of elastic and plastic deformation, material heating due to plastic action, heat transfer and material erosion. Commercially available FEA software Abaqus/Explicit v. 6.9-2 [32] was used in the study. The three-dimensional analysis used C3D8RT-type elements. Material erosion was employed to avoid excessive element distortions as described in [33] . A mesh convergence study was reported in [34] . The particle and the substrate were assumed to be at room temperature (293 K) prior to impact.
As indicated above the strain rate in the particles can reach very high values, where the flow stress becomes strain-rate dependent. The Johnson-Cook (JC) plasticity model [35] , an isotropic hardening model which includes the effects of strain hardening, strain-rate hardening and temperature softening, was used to compute the dynamic flow stress of the material. Any cyclic effects or possible anisotropy in the material were not considered. In the JC model, the dynamic flow stress, Y d , is defined as follows:
where ε p is the equivalent plastic strain,ε * =ε p /ε p0 is the normalized plastic strain rate,ε p0 is the reference plastic strain rate, normally taken as 1 s −1 , and T* is the homologous temperature defined as:
where T R is the reference temperature and T m is the melting temperature of the material. T R must be chosen such that T ≥ T R . The empirical constants of the JC model, A, B, n, C and m, are reported by [35] [36] [37] for Al, SS and Cu, respectively. A is the quasi-static yield strength of the material. B and n define the strain hardening behaviour. C and m are the strain-rate hardening and thermal softening coefficients. The elastic response was defined by Young's modulus, E, and Poisson's ratio, ν. Temperature dependence of the mass density, specific heat, thermal conductivity, thermal expansion coefficient, elastic modulus and Poisson's ratio are included in the analysis to the extent they are available in the material database [38] . The material properties used in the simulations are provided in table 1. The flow stress variations of Al, Cu and SS used in this work are shown in figure 1 for 0 ≤ ε p ≤ 0.2,ε p = 10 −2 , 1, 10 2 , 10 4 , 10 6 and T = 293 and 500 K. Note that Al-1100 H12 is insensitive to the plastic strain rate, while all three materials are sensitive to temperature and plastic strain. During impact, most of the energy used in plastically deforming the material is dissipated as heat, resulting in a temperature rise in the material. The fraction of plastic deformation energy that is converted into heat (inelastic heat fraction) was assigned as β = 0.9 for all materials investigated in this work [39] . The thermal response of the material was defined by its specific heat, thermal conductivity and thermal expansion. Similar to earlier work [33] , material failure was assumed to [38] .
depend on local equivalent plastic strain, where 'failed' elements are removed from computations. In this study, plastic failure strain, ε f , was assumed to be constant, and equal to ε f = 2, independent of the material type. An analysis of the appropriate ε f value was reported in [33] , where it was shown that the selected value of ε f = 2 alleviates the numerical problems due to excessive mesh distortion, but also preserves the global energy balance during the impact and rebound stages. The impact velocities for the three materials were chosen in such a way that the nondimensional parameter ρV 2 i /Y varies between 10 −2 and 14. Extensive plastic flow and hydrodynamic behaviour dominates the material response in this regime, according to Johnson [40] . Note that the value of A from table 1 was used for the yield stress to compute this non-dimensional parameter. The corresponding impact velocities were 10-800 m s −1 for copper, 50-1400 m s −1 for aluminium and 50-1200 m s −1 for steel.
Results and discussion (a) Analysis of rebound by global measures of impact
Particle rebound velocity is plotted as a function of impact velocity for copper, aluminium and steel in figure 2a. The rebound velocity has two plateau regions as a function of impact velocity for copper and steel particles, whereas the aluminium particle approaches the second plateau around 1200 m s −1 . Similar nonlinear trends were reported by Molinari & Ortiz [22] and Zhou et al. [41] for the same material systems and by Yildirim [42] for different material combinations for the particle and the substrate. As also reported by Molinari & Ortiz [22] , it is interesting to note that the particle rebound velocity is limited to approximately 22 m s −1 for copper and approximately 42 m s −1 for steel, in the second plateau regions. The plateau regions were experimentally observed by Xie et al. [43] . figure 2b and as a function of the impact velocity V i in figure 2c . The COR drops precipitously, in a nonlinear manner, in the range of 10 −1 < (ρV 2 i /Y) < 2 − 5. Some material dependence is observed at the end of this regime. The COR shows some increase before it continues its decline, after the peaks that occur near ρV 2 i /Y = 5 and 10. An explanation for the increase in COR is given later in the paper. Comparison of figure 2b,c shows that a reasonable level of scaling can be accomplished, especially for copper and steel, the two strain-rate-sensitive materials, when the variable ρV 2 i /Y is used instead of V i . Nevertheless, the complexity of the plastic flow prevents such a straightforward scaling being declared successful.
The EPD regime, which is outside the range of interest in this paper, develops when the impact velocity is greater than the critical impact velocity, V Y . Critical impact occurs at very low impact velocities (equation (1.1)) for these materials: 17.6, 0.8 and 8.7 mm s −1 for aluminium, copper and steel, respectively. The relationship described by Johnson [40] for the EPD regime (equation (1.4) ) and the predictions by Thornton et al. (equation (1.6) ) for the FPD regime are superimposed on the computed results in figure 2c . In addition, for what we call the deeply plastic deformation (DPD) regime we use the following relationship:
The critical impact velocity V * i , which marks the boundary between the EPD and the FPD regimes, is 23.9, 10.2 and 19.2 m s −1 for aluminium, copper and steel, respectively. Based on figure 2c, we find that the FPD and DPD regimes are separated by 7.5 V * i , 9.5 V * i and 5 V * i for the same materials. The constant coefficient of equation (1.4) was modified from 3.413 to 4.00, 4.75 and 3.60 for aluminium, copper and steel, respectively, in figure 2c. The trends of the computed values in the FPD and DPD regimes follow the trend of equation (1.6) or (1.10). The coefficient K and the exponent q used in figure 2c are given in table 2. The dependence of the computed COR on the impact velocity is reasonably represented by V −1/2 i in the EPD regime for all three materials. In the DPD regime this dependence is represented by q = −1.2, −1 and −0.8 for aluminium, copper and steel, respectively. This of course implies that in the DPD regime the rebound velocity is a very weak function of the impact velocity, as also seen in figure 2a.
Recent numerical work on the impact of Al-6061 on a sapphire substrate indicates that the material response to high strain-rate deformation is highly localized in the particle and the substrate, and, therefore, it is difficult to attribute rebound characteristics to a generalized explanation of material behaviour [43] . Therefore, further analysis of the dependence of the COR on V i is provided by using global measures of deformation and energy dissipation. In figure 3 , the total compressive force at the start of rebound (figure 3b), the rebound instants of the top and bottom poles of the particles (figure 3c) and the plastic energy dissipation during the rebound phase (figure 3d) are plotted as functions of the impact velocity. The rebound phase, t rp , is the duration between the instants of rebound of the lower and the upper poles of the particle, and it can be determined from figure 3c.
For all three materials, there exists a range of impact velocities in which the bottom of the particle starts to rebound while the top of the particle is still moving downward. This V i range is between 50 and 400 m s −1 for copper, 50 and 1050 m s −1 for aluminium and 50 and 550 m s −1 for steel. Before and after this range, the rebound phase is negligibly small, i.e. t rp ≈ 0, and the top and bottom material points in the particle move with the same velocity, suggesting a rigid body motion. However, the rebound characteristics of the particle in the range where the rebound phase is non-zero (t rp > 0) are very complex where significant material deformation continues to take place during rebound. There is an apparent correlation between the rebound phase (figure 3c) and the plastic energy dissipated in the particle during the rebound phase (figure 3d). The plastically deformed volumes of the particle and the substrate are plotted in figure 4a for copper, in order to describe this relationship in more detail. The particle becomes fully plastic when impacted with a velocity higher than approximately 100 m s −1 . The rebound velocity increases in the impact velocity range of 0-100 m s −1 (figure 4b) due to increasing initial kinetic energy, despite the fact that the particle is becoming increasingly more plastically deformed (figure 4a). The plastic energy dissipation in the particle during the rebound phase peaks at around 175 m s −1 (figure 4b). The first plateau of the rebound velocity occurs in the impact velocity range of 100-200 m s −1 . Energy dissipation in the particle during the rebound phase gradually drops and becomes negligibly small around 400 m s −1 . The rebound velocity increases in the 200-400 m s −1 impact velocity range.
The total compressive force in the rebound phase (figure 3b) increases almost linearly with increasing impact velocity up to a certain V i value, and levels off thereafter. The limited rebound velocity at high impact velocities indicates that the elastic energy in the system that can be transmitted to the particle is limited by the plastic action in the system. Once the plastic energy Figure 4 . (a) Plastically deformed volume of the particle and the substrate as a function of impact velocity. The volume is normalized with respect to the particle volume V PAR . (b) Plastic energy dissipation inside the particle during the rebound phase and the particle rebound velocity for copper.
dissipation is reduced to negligible levels during rebound, and the limit of the elastic energy is reached, the rebound velocity remains constant. This corresponds to the second plateau observed in figure 2 or figure 3a . In summary, the competition between the increasing kinetic energy of the particle and the complex plastic dissipation in the particle and the substrate result in the predicted rebound characteristics of the particle.
(b) Analysis of material flow in the particle and the substrate
As explained above, the mechanics of particle deformation is closely linked to material behaviour in high-velocity impacts. We expect the 'material flow' to be strongly coupled to the evolving material properties. To investigate this point, the material velocity, von Mises and shear stress distributions at various stages of the rebound are reported for copper. Deformation history was recorded by using a time step size of t = 0.1 ns. Impact velocities in the range of 20-500 m s −1 were investigated, as this range is sufficiently representative of the EPD, FPD and DPD regimes for copper, identified in figure 3 .
In the EPD regime particle rebound occurs in a relatively rapid manner. The velocity vectors of the material points between 58 and 60.4 ns after initial impact, for V i = 20 m s −1 , are shown in figure 5 . The 2 ns lag between the instances of rebound of the lower and upper poles of the particle (t rp ) is considered relatively small. First, the material around the contact interface starts to move upwards (figure 5a). This action spreads into the rest of the particle quickly; and shortly thereafter, the entire particle is set into upward motion. In the EPD regime, plastic dissipation is not substantial, and the velocity distribution inside the particle can be assumed uniform.
In the FPD regime the rebound phase takes a considerably longer time (t rp ≈ 10-20 ns). Impact velocities in the range of 50-200 m s −1 are considered to be in this regime, with V i = 50 m s −1 representing the transition. Figure 6 shows the case of V i = 150 m s −1 between 41.3 and 60.5 ns after initial impact. The other velocities in this regime show a similar material response and their results have been presented by Yildirim [42] . During the earlier stages of the impact, this regime is characterized by a highly decelerated conical region based at the contact interface, while rest of the particle still maintains a high downward velocity. This conical region starts to move upwards as it is pushed back by the substrate, and expands as the top of the particle continues to decelerate. Opposing velocity gradients of the upper and lower parts of the particle create an internal boundary where material flows away from the centreline. At the later stages, the top portion of the particle decelerates further followed by a rapid reversal of its velocity vector, and the entire particle settles into the rebound motion.
Some correlation between the material velocity and the von Mises stress distribution can be observed in the FPD regime. During the rebound phase, the von Mises stress decreases The instant at which the velocity at the particle-substrate interface changes direction. (b) Intermediate stage at which a highly decelerated conical region forms around the lower pole of the particle. (c) Intermediate stage at which the velocity profile inside the particle changes rapidly. (d) The instant at which the entire particle starts to move upwards.
considerably inside the conical region, indicating that plastic deformation in this region ceases and elastic recovery initiates. In the meantime, further plastic deformation takes place around the boundary between the conical region and the top section of the particle, which leads to more of the available kinetic energy being dissipated. This can be observed clearly in figure 6c. The interfacial contact area and the volume of the conical region are relatively high at faster impact velocities. This increase leads to more plastic dissipation inside the particle, as also demonstrated in figure 4 .
The shear stress is aligned with the direction of the material velocity. At low to intermediate velocities, shear stresses originate from the edge of the contact interface and concentrate in the middle sections away from surfaces or centreline of the impact. It is also seen that the dominant shear stress directions in the particle and in the substrate are opposite. The shear stresses at the particle-substrate interface become more significant with increasing impact velocity.
In the DPD regime, the rebound phase, t rp , is once again relatively short and in contrast to the intermediate velocity regime the conical region is not observed. 500 m s −1 presented in figures 7 and 8 represent the material behaviour in this regime. The particle deforms laterally during impact to the extent that it starts to form a lip around the periphery of the contact interface. As the impact progresses, the material flows laterally into the lip region with an inside-out motion, while the region around the centreline of the particle still maintains its downward velocity. The rebound of the particle is initiated by the upward motion of the lip region of the particle. The boundary between the downward moving and the upward moving material travels from the lip region to the centreline of the particle, ultimately setting the entire particle into rebound. The relatively short duration of this event, t rp = 3.2 ns for 350 m s −1 and t rp = 5.2 ns for 500 m s −1 , helps the particle to retain its kinetic energy supplied by the substrate during rebound. Stresses around the contact interface remain high for the entire duration of the impact, until the particle and the substrate separate.
The role of the substrate is investigated by monitoring the vertical displacement along the centreline of the impact at different depths. figure 9d . As expected, the spring-back process originates under the impact site and spreads in both the upward and downward directions. The rebound behaviour inside the substrate can be divided into two categories, depending on the position of this initial reversal site.
In the EPD and FPD regimes, represented by V i = 20 and 150 m s −1 in figure 9d , the springback initiates at the particle-substrate interface, as indicated by the lowest t rev value at this location. The instant of velocity reversal, t rev , increases monotonously with increasing depth, as the spring-back motion expands into the substrate. A similar observation is made in figure 10a ,b, which shows the distribution of the vertical component of the velocity vector (V y−dir ) at time t = 44 and 50 ns, respectively, for V i = 150 m s −1 . At t = 44 ns, V y−dir is positive around the contact interface, whereas the material elsewhere is still moving downwards. Over time, the upwards moving region in the substrate grows (figure 10b).
At high impact velocities (350 m s −1 and 500 m s −1 in figure 9d ), the distribution of the instant of velocity reversal, t rev , indicates that the spring-back initiates from a location beneath the Figure 8 . Material velocity, von Mises and shear stress distributions at various stages of rebound for a particle impacting at 500 m s −1 . Refer to figure 5 for (a-d).
particle-substrate interface. Depending on the impact velocity the location from which the springback initiates is one to three particle diameters deep (2r p and 6r p ). Velocity contours at t = 50 ns for V i = 500 m s −1 are shown in figure 10c . Note that, at this instant, the entire particle still maintains a high downwards velocity. In time, the upwards moving region spreads through the particlesubstrate interface and encompasses the particle (figure 10d). In the particle, the instant of velocity reversal, t rev , is nearly uniform along the main impact direction for V i = 350 and 500 m s −1 , whereas a distinct location dependence is predicted for the lower impact velocities of 20 and 150 m s −1 ( figure 9d ). This is consistent with the observations presented in figure 3c . The elastic strain energy stored in the substrate, SE sub , is plotted for V = 150 and 500 m s −1 in figure 11 . The elastic strain energy in the substrate reaches its maximum approximately at the same time as the initial stages of the velocity reversal in the substrate. Afterwards this strain energy decreases quickly. This confirms that the release of the elastic energy is associated with the spring-back process, which is governed by the velocity reversal inside the substrate. Figure 10 . Vertical component of the velocity vector (V y−dir ) inside the particle and the substrate for given initial particle velocities and times. Dark grey represents regions with zero or negative velocity. While the particle and the regions of the substrate immediately beneath the particle are moving downwards with relatively large velocity, the substrate also has a non-negligible downward velocity for the spring-back to occur. 
Appendix A
It is important to ensure that the waves reflecting from the boundaries do not reach the impact zone until rebound of the particle. In order to confirm that the outer boundaries of such a substrate do not affect the behaviour, three different substrate sizes (h S = 10 r p , 25 r p , 50 r p ) were compared. The variation of rebound velocity as a function of impact velocity is shown in figure 12 for these substrates. When the substrate size is set to h S = 10 r p , a slight increase in the rebound velocity is observed, especially at higher impact velocities. This is attributed to the additional energy contribution to the particle provided by the returning elastic waves from the far edges of the substrate. However, it can be seen that, when the substrate size is larger than h S = 25 r p , the rebound velocity of the particle is virtually unaffected by the substrate size. This confirms that, for sufficiently large substrates, the impact duration of the particle is less than the duration needed for elastic waves to reflect back to the impact site. Therefore, a substrate with h S = 25 r p is used in this study. 
